Featured Application: This research is applied to enable studies to be carried out on the exposure of the human body to UV radiation and its distribution over all parts of the body, head included, using a tool named SimUVEx. This study can provide preventive advice for the general public on how best to protect themselves when exposed to UV radiation, contributing to improve our understanding of exposure patterns, such as the shade, and identify some potential shortcomings in current sun protection recommendations.
Introduction
The skin is the most exposed organ to environmental ultraviolet (UV) radiation (280-400 nm), which is responsible for both beneficial and adverse effects on human health. An adequate exposure to solar radiation represents the main natural source of vitamin D, the hormone that controls calcium levels in the blood and helps maintain healthy bones and muscles. On the contrary, prolonged exposures could give rise to severe and long-term effects on skin, eyes and immune system [1] . UV radiation has a significant influence on the development of cutaneous melanoma, epithelial skin cancer [2] and on the premature skin ageing [3] . Currently, 132,000 melanoma skin cancers and between 2 and 3 million non-melanoma skin cancers occur globally each year, with an average yearly increase of 3%-8% over the last 30 years among white populations in Australia, Europe, Canada and the United States [4] [5] [6] . It is not obvious to calculate the UV radiation exposure received throughout an entire life, since this would mean obtaining information on all the sun-exposure durations and geolocalisations. Moreover, the personal UV exposure depends on the distribution of the three components of the radiation (i.e., direct, diffuse and reflected) all over the human body and on behavioural factors such as the orientation to the sun, posture, skin complexion, garments and sun-protective habits [7] [8] [9] . Understanding the relationship between UV exposure and skin cancer on different anatomical zones is crucial then to define sun protection practices and messages [10] [11] [12] . Most of the existing measurements consist in photosensitive dosimeters and captors (e.g., [13] [14] [15] ), which evaluate the integrated cumulative UV dose received at the specific location where they are affixed during the exposure. Despite their accuracy, dosimetry is expensive, and many dosimeters are needed to measure body-specific exposure, resulting in them being situation-specific and making generalization difficult. Though numerous studies examined the human body exposure to UV radiation [16, 17] , to our knowledge, little has been done about the application of human models and tools for predicting and visualizing UV exposure [18] , often without taking into consideration sun protections. To address this issue, we developed SimUVEx (Simulating UV Exposure) [19, 20] , a modelling tool that combines three-dimensional (3D) techniques and ground-based UV irradiance to evaluate the relative contribution of the components of the UV radiation by different anatomical zones and in various exposure conditions. Typically, exposures of anatomical zones range from 13% to 76% of the exposure to the vertex of the head [21] , and horizontal body parts exhibit higher exposure doses [22, 23] . Except for a continued use of a headgear, the head is then one of the most sun-exposed anatomical parts, and the real-time exposure is often underestimated. Moreover, strong dissimilarities in the incidence of head and neck melanoma between men and women have been observed in previous researches [24] , bringing to the conclusion that hair might have a protective role in sun exposure.
The goal of this paper is to improve our model so that it could estimate how much UV exposure can reach the epidermis of the head, covered by hair, without sun damage risks. The ease and the speed of the model were key points to take into consideration in numerous scenarios, while using a computer with standard requirements. The hairs were considered as independent 3D objects, with different alignments and orientations in relation with the solar position, that is, the solar zenith angle (SZA) that represents the angle between the zenith and the line of sight from that point to the sun. To the best of our knowledge, a very small number of studies have tried to quantify the effectiveness of the hair to protect against UV exposure, by spectrometric techniques [24] or dosimetries [25, 26] , but none of them used 3D modelling methods. Realistic hair modelling is very important for creating virtual humans in computer graphics, but studies are often limited to hairstyling and hair rendering, looking further into the effects of the visible light on the surface of the hair without taking into consideration other spectra, such as the UV wavelengths [27] [28] [29] [30] . This study investigates the behaviour of the hairs in relation with their geometric distribution in the erythemally weighted UV spectrum, adopted by the International Commission on Illumination (Commission Internationale de l'Eclairage, CIE) and representing the average skin response over the solar UV spectrum [31] .
Materials and Methods
SimUVEx is a modelling tool built on the Visualisation and Computer Graphics Library (VCG) [32] and implemented as a plug-in in Meshlab [33] , an open-source system for computing and editing 3D triangular meshes. An overall description of the tool is represented in Figure 1 . The principles, the performances and its validation have been described previously [19, 20, [34] [35] [36] [37] . Input. The requisite input data of the model are the sun position, the irradiance (in W/m 2 ) and the body morphologies and postures. Ground-based erythemally weighted UV irradiances have been collected by SolarLight SL 501A broadband radiometers at the MeteoSwiss Payerne Station (46.815°N, 6.944°E, altitude 491 m) for the direct, diffuse and reflected components. The human body mannequins were designed with MakeHuman [38] , a modelling tool for 3D human characters based on articulated skeleton techniques and on anatomical atlases [39, 40] , to create 3D surfaces of five morphologies (adult man and woman, adult heavy man, a child, and a head-form), shown in Figure  2 . Input. The requisite input data of the model are the sun position, the irradiance (in W/m 2 ) and the body morphologies and postures. Ground-based erythemally weighted UV irradiances have been collected by SolarLight SL 501A broadband radiometers at the MeteoSwiss Payerne Station (46.815 • N, 6.944 • E, altitude 491 m) for the direct, diffuse and reflected components. The human body mannequins were designed with MakeHuman [38] , a modelling tool for 3D human characters based on articulated skeleton techniques and on anatomical atlases [39, 40] , to create 3D surfaces of five morphologies (adult man and woman, adult heavy man, a child, and a head-form), shown in Figure 2 . Input. The requisite input data of the model are the sun position, the irradiance (in W/m 2 ) and the body morphologies and postures. Ground-based erythemally weighted UV irradiances have been collected by SolarLight SL 501A broadband radiometers at the MeteoSwiss Payerne Station (46.815°N, 6.944°E, altitude 491 m) for the direct, diffuse and reflected components. The human body mannequins were designed with MakeHuman [38] , a modelling tool for 3D human characters based on articulated skeleton techniques and on anatomical atlases [39, 40] , to create 3D surfaces of five morphologies (adult man and woman, adult heavy man, a child, and a head-form), shown in Figure  2 . Depending on the size density of the 3D meshes, a low and a high resolution were provided for each morphology. For the low resolution, we used 800 vertices for the entire body, and 1800 vertices were used for the high resolution. Then, we used Blender [41] , an open-source 3D computer graphics software for interactive applications, to modify the articulated skeleton and set different postures. Globally, six working postures were designed, based on the most predominant postures among outdoor workers [42, 43] , and three leisure time postures, based on the observation of the most common postures on the beaches. The duration of the simulation is determined by the resolution; on a standard desktop workstation it takes about 14 minutes for one day simulation (24 h) in high-resolution mode and about one minute for the low resolution. Depending on the type of the simulation chosen, the position can either be fixed ("fixed mode") for every time iteration or it can change on a given time and angle step to obtain an average orientation ("sequence mode"), since people hardly stay static in everyday situations.
Each 3D mannequin is subdivided in various anatomical zones, represented by a different RGB colour, as shown in Figure 2 . In total, 46 subanatomical zones were selected for the whole body (Table 1) , whereas for the head, 36 zones (Table 2) were distinguished, according to the International Classification of Disease for Oncology [44] . We considered many anatomical zones defined by skin cancer registers to have the possibility to compare our results with the existing results from skin cancer research. The model. The amount of UV irradiance is calculated considering the three radiation components and shading from other body parts for each triangular mesh. The direct radiation is considered a parallel source, varying in intensity and in direction. The diffuse and reflected components depend on the surface orientation and the ratio of the sky visible, not obstructed by the shade. In SimUVEx, the diffuse and reflected irradiances are considered hemispherical isotropic sources, meaning that an equal amount of energy is assigned to each subsurface element of the bottom half-sphere. In reality, since diffuse radiation is anisotropic, particularly near the ground and close to the sun during clear days [45] , SimUVEx takes account of anisotropy near the ground, attenuating the energy allocated to subsurfaces at the base of the diffuse half-sphere. Then, a bounding box optimization has been applied to determine if a vertex was in the shade, and a "visibility map" has been conceived to detect the surfaces of each hemisphere visible from the vertex, for the diffuse and reflected radiation [46] . The implementation of visibility maps allows a whole variety of 3D sun protection means such as hats, sunglasses or shade structures [20, [35] [36] [37] , for whom the model can calculate their shade effects on the mannequin, similarly to the shadow of other body parts.
Output. The output of the model consists in the UV erythemal radiance (in J/m 2 ) one-minute resolution for each body part, whose result can be also retrieved on a 3D human mannequin, where the redder the anatomical zone, the more it is exposed.
Protection factors. The protection factor is an optional parameter that reduces the amount of UV radiation received by the covered vertices. Generally, it is associated to a homogenous value which depends on the textile or material of the garment, and the most used factors are the sun protection factor (SPF), the standard used to measure the effectiveness of sunscreens, and the ultraviolet protection factor (UPF), that is more recent and established specifically for sun-protective fabrics. SPF measures the amount of time it takes for sun-exposed skin to redden, considering only UV-B radiation (280-315 nm). For instance, if one burns in 10 minutes without sun protection and applies a sunscreen with 15 SPF, it should be protected from sunburn for 150 minutes. On the contrary, the UPF factor quantifies the amount of UV irradiance absorbed by the fabric. A material with an UPF equal to 50 allows 1/50th of the UV irradiance to pass through it. This means that the fabric will reduce skin UV exposure by 50 times in areas where the skin is covered. In light of the above, these factors do not clearly inform the public about the quantity of UV transmitted to the skin when using sun protections [47] and do not consider the diffuse UV radiation that has recently been shown to contribute substantially to the total UV exposure, a fact probably underrated in general prevention messages based on dosimetric measurements [23] . The protection factor in SimUVEx is defined as the ratio between the received erythemal UV irradiance without protection and the received erythemal UV irradiance after protection, likewise the UPF [25] . It is then different from the sun protection means (i.e., sunglasses, hats, shade structures) that are specific 3D meshes, for which the model calculates the shadow they produce on the mannequin throughout the whole simulation and for the three components.
Hair modelling as sun protection mean. Hair modelling is an intricate task, since a realistic representation in structure, motion, and appearance is still a purpose of research [29, 48] . Moreover, the existing models relate to visible light, without considering UV radiation. Each hair strand is relatively small in diameter, while a human head typically contains a large volume of hair. Bearing in mind this duality, researchers have examined whether hair should be treated as an overall volume or as individual interacting hair strands, but neither of them have been accepted, and the choice lies on what aspect one should explore. For our purpose, we considered the hair as a combination of 3D objects to evaluate their effectiveness first. This parametric geometric approach has been used to investigate the shadow that each hair projects to the scalp, similarly to other protections means such as hats or sunglasses. Then, we considered SimUVEx as a virtual laboratory that could simulate samples of skin covered by hair. The results obtained allowed us to estimate various average protection factors that can be integrated in the protection libraries of SimUVEx.
The hair samples were designed with Blender as opaque objects, providing full shielding against UV radiation, and were devised as cylinder meshes of 3 cm in length, as shown in Figure 3 . A two bones armature (skeleton), that is, the supporting structure of the 3D model represented in Figure 4 , was implemented for each hair according to the rigging method. The armature was then connected to the mesh through the skinning process. The tilt of the hairs is a parameter that can be set by the user. We depicted an average scenario for a medium-low hair density (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) hairs in about 18 mm 2 ) and a medium hair diameter (50-80 μm), in accordance with [49] . To evaluate the degree of sunscreen provided by the structure of hair, we set four alignments on a squared surface of 1 cm 2 : upright, random, parallel alignment ( Figure 5 ). A two bones armature (skeleton), that is, the supporting structure of the 3D model represented in Figure 4 , was implemented for each hair according to the rigging method. The armature was then connected to the mesh through the skinning process. The tilt of the hairs is a parameter that can be set by the user.
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For every skin region, the sun protection effectiveness was expressed as a predictive protection factor (PPF (%)), representing the relative reduction in predicted total UV dose:
where UVwithout protection is the UV exposure received on uncovered skin and UVwith protection is the exposure received on the skin covered by hair. The greater the PPF, the higher the relative sun dose reduction. All the PPF values refer to the total radiation since they represent the contribution of all the UV radiation components.
Results
The PPFs (%) to the head through the hair for upright, random and parallel hairs are provided in Table 3 for different SZAs during a full clear-sky day. For each case, the surface was placed in four orientations (on the top, the front, the back, the right and the left). All the PPFs range from about 35% to 80%, with a general increase with the SZA. Indeed, the UV exposure through the hair decreases with the SZA, since UV radiation is stronger for lower SZAs (sun at its highest) compared with higher SZAs (lower sun), as the light travels through a shorter path of the atmosphere. For the random and parallel alignment, hairs were tilted at 180 • . With the aim to consider the influence of the SZA throughout the day and the different parts of the head (the crown, the nape and the lateral parts), we inclined the surface with respect to the sun in all the possible orientations: on the top, right, left, back, front. A dynamic exposure was presumed, selecting a 24 • step rotation per minute to consider an average value. Simulations were run at the Payerne MeteoSwiss Station for a full day (12AM-12PM) in a summer, cloudless day (17/07/2014), since the effect of clouds on instantaneous UV levels can vary from a small amplification to an almost total decrease [50] .
where UV without protection is the UV exposure received on uncovered skin and UV with protection is the exposure received on the skin covered by hair. The greater the PPF, the higher the relative sun dose reduction. All the PPF values refer to the total radiation since they represent the contribution of all the UV radiation components.
The PPFs (%) to the head through the hair for upright, random and parallel hairs are provided in Table 3 for different SZAs during a full clear-sky day. For each case, the surface was placed in four orientations (on the top, the front, the back, the right and the left). All the PPFs range from about 35% to 80%, with a general increase with the SZA. Indeed, the UV exposure through the hair decreases with the SZA, since UV radiation is stronger for lower SZAs (sun at its highest) compared with higher SZAs (lower sun), as the light travels through a shorter path of the atmosphere. Comparing all the alignments, higher PPFs were found in parallel-aligned hairs, which usually cover homogeneously a larger part of the scalp. While the PPFs for parallel alignment range from 55% to 80%, upright alignment provides the lowest values (PPFs between 44% and 52%) and consequently more exposure, as a greater surface area of the scalp is prone to UV irradiance intrusion. The random arrangement shows results halfway between the two alignments for the top, the front and the back orientations. On the contrary, it is less protective (from 30% to 42%) for the right and left orientations of the head, even if the random alignment is less frequent in these parts.
The front shows a good protection (higher than 50%) when the sun is at its highest (25 • -30 • ), since the hairs are perpendicular to the incoming light, offering more shadow. Values of the back are quite constant for all situations, except for higher SZAs, when the protection is stronger.
PPFs for each situation throughout the day are shown in Figure 6 . PPF is generally higher for the parallel alignment and smaller for upright arrangement, which lets more radiation pass through. Except for the back, each situation reveals a peak where the dose exposure increases and the sun is at its highest elevation, around 12:00, corresponding to a minimum SZA value. Upright alignment shows a constant behaviour for all situations throughout the day, with values between 40% and 50%. The parallel and random alignments have a similar behaviour, with specular curves in the left and right cases. For the left and right side, the evaluation of the model is not trivial, as the results depend more significantly on the position of the sun, at both the zenithal and azimuthal levels. Therefore, it is not always easy to find a general explanation. In our case, we can observe that for the right and left sides, the random PPFs are once again smaller than that of upright alignment, in agreement with common sense, but in some cases, they are smaller than that of parallel alignment as well. This is probably due to the fact that upright alignment, in lateral zones, can provide more protection, since the hair strand is often perpendicular to UV rays, providing then more shade on the anatomical zone considered. However, upright alignment for right and left areas is more realistic for beard than for hair. On the contrary, a random behaviour, which is not in an upright position by definition, would protect less areas in terms of shade. Figure 6 . Daily PPFs using a moving average smoothed curve with 1 hour window for all the hair orientations and alignments. The marked hours in the plots (6, 9, 12, 15, 18) correspond to the following SZA: 71.1°, 40.9°, 26°, 47.9°, 78.2°.
PPF is generally higher for the parallel alignment and smaller for upright arrangement, which lets more radiation pass through. Except for the back, each situation reveals a peak where the dose exposure increases and the sun is at its highest elevation, around 12:00, corresponding to a minimum SZA value. Upright alignment shows a constant behaviour for all situations throughout the day, with values between 40% and 50%. The parallel and random alignments have a similar behaviour, with specular curves in the left and right cases. For the left and right side, the evaluation of the model is not trivial, as the results depend more significantly on the position of the sun, at both the zenithal and azimuthal levels. Therefore, it is not always easy to find a general explanation. In our case, we can observe that for the right and left sides, the random PPFs are once again smaller than that of upright alignment, in agreement with common sense, but in some cases, they are smaller than that of parallel alignment as well. This is probably due to the fact that upright alignment, in lateral zones, can provide more protection, since the hair strand is often perpendicular to UV rays, providing then Figure 6 . Daily PPFs using a moving average smoothed curve with 1 hour window for all the hair orientations and alignments. The marked hours in the plots (6, 9, 12, 15, 18) 
Discussion
The study quantifies the erythemal UV protection through human hair for different orientations and SZAs using SimUVEx, a 3D modelling tool predicting solar UV exposure. Simulations were run in a clear-sky day to eliminate cloudy situations that can affect significantly UV exposure. The hairs were considered opaque objects, providing full shielding against UV radiation. Different scenarios have been conceived according to the fact that UV protection provided by hair may be influenced by the density, the thickness, the colour, the alignment and the tilt of the head with respect to the sun. In this research, the density and thickness were fixed, and we focused on the geometric influence of hair protection over the head, studying specifically the effects of the alignment and the tilt of the hair. We depicted an average scenario, taking into consideration a medium-low hair density and a medium hair diameter (50-80 µm) [49] for hairs approximately 3 cm in length. We chose to investigate short hair effects to better understand the link between orientation of the hair and position of the sun. Indeed, the case of long hair would have been more protective, since it would have covered almost the entire scalp surface. We did not consider the dynamic motion of hair because the movements of the head and the body do not lead to big change in the short hair, so that the model can consider the hair as a static object. Low-medium hair density was chosen to investigate the most endangered cases among men. We did not treat the influence of colour in this analysis since it can be considered as an extra protection factor, as well as the skin phototype. Indeed, hair colour results from the biosynthesis of melanin within hair follicles. Melanin molecules in the skin constitute a built-in defence system to protect the skin against UV radiation, and when a follicle stops producing melanin, the hair turns colourless [51] . A dark-skinned person has more melanin molecules in the upper layers of the skin than a light-skinned person [52] . According to [24] , approximately 300 hairs cm −3 would be needed to achieve an SPF of 0-10 in the case of brown, blond and red hair, and about 400 hairs cm −3 of white hair. Moreover, it is noteworthy that SPF ratings are calculated for an application thickness of 2 mg cm −2 , which is unrealistic, as most people apply significantly thinner layers. Additionally, results for bald situations can be measured in the usual routine of SimUVEx.
Protection was estimated in terms of PPF that represents a sort of mean bias that is the difference between the values with and without hair protection. It does not indicate the amount of UV reaching the skin, but just the effectiveness of the protection.
As the SZA increases, the PPF also increases for all hair types. PPFs provided by hair with a certain degree of order (parallel alignment) were generally higher by a range of about 10%-30% than the ones provided by random arrangements. This is due to the fact that tidy arrangements may confer higher cover than random alignments because of the loss of effectiveness by overlap of hair [25] . On the contrary, upright orientation provided more exposure because a greater surface area of the scalp is prone to solar radiation intrusion, especially at around noon (minimum SZA).
Considerable progresses have been made in the understanding of artificial sun protections such as hats [20, 37, 53] , sunglasses [36] or shade structures [35, [53] [54] [55] [56] , but little is still known about the photo-protective function of human hair. The effects of UV radiation on hair have only lately attracted the attention of the medical community. The incidence of melanoma is rising, and it is evident that melanoma is less common in hair-covered areas of the head and the neck compared with naked areas, suggesting a protective role for hair [57] . Moreover, vacations in sunny areas and outdoor activities are growing in popularity, making more and more important the awareness of sun protection on the skin. The two most important chronic effects of UV radiation on the skin and bare scalp are photocarcinogesis and solar elastosis [58] . The relativity high incidence of precancerous lesions and skin cancers in this area [59] could be explained by the fact that a person standing, has always his scalp perpendicular to the sun's rays and therefore receives high UV doses. Even if the estimation of UV erythemal radiation absorbed by the head was not the focus of the study, this research showed that there may be considerable exposures to the scalp through the hair, even for an average hair density (PPFs are never close to 100%). It confirms that hair is an important natural sun protection means in reducing transmission of UV radiation and should be considered in the prevention of UV-induced cancer of the scalp, particularly among people with alopecia. The effectiveness of the protection depends strongly on the orientation of the head and on the tilt of the hairs and was in line with other epidemiological results [24] [25] [26] .
The results obtained will be implemented in the library of the sun protection factors of SimUVEx, assessing a more exhaustive model that could include the hair protection, which is not a negligible factor in terms of UV exposure. In this way, it could be possible to set more realistic scenarios and obtain an innovative tool in estimating effective sun prevention for further simulations, especially for the detailed head form morphology, instead of considering the bald head used so far in the model. Future works could also be focused on the estimation of the UV radiation intercepted by hairs themselves to further quantify the hair colour changes and protein damage caused by ultraviolet radiation [60, 61] .
